
US005995841A 

Ulllted States Patent [19] [11] Patent Number: 5,995,841 
King et al. [45] Date of Patent: Nov. 30, 1999 

[54] TECHNIQUE FOR SHARING RADIO 5,625,867 4/1997 Rouffet et a1. .................... .. 455/528 X 
FREQUENCY SPECTRUM IN MULTIPLE 5,655,217 8/1997 Lemson ..... .. 455/62 X 
SATELLITE COMMUNICATION SYSTEMS 5,758,261 5/1998 Wiedeman .. 455/13.1 

5,805,633 9/1998 Uddenfeldt ............................ .. 455/454 

[75] Inventors: Janet L. King, Redmond; Richard C. Primary Examiner_weuington Chin 
Deininger, Edmonds, both of Wash; Assistant Examiner—Yemane Woldetatios 
Mark A- Sturla, EIlCiIlO, Calif; Attorney, Agent, or Firm—Seed and Berry LLP 
Kenneth C. Grzemski, Woodinville; 
Thomas L. Hayden, Issaquah, both of [57] ABSTRACT 

Wash‘ A technique for sharing radio frequency spectrum in a 

[73] Assigneez Teledesic LLC, Benevue, Wash‘ multiple communication satellite system With a plurality of 
satellites in each of a plurality of non-geostationary (non 
GSO) Earth orbits. A ?rst satellite communication system 

[21] Appl- N05 08/918,499 uses a plurality of prede?ned non-GSO Earth orbits and a 
[22] Filed: Aug 22’ 1997 second satellite communication system uses a plurality of 

prede?ned orbits that are interleaved With the orbital planes 
[51] Int. Cl.6 ..................................................... .. H04Q 7/20 of the ?rst satellite communication system. In this manner, 
[52] U.S. Cl. ........................ .. 455/454; 455/427; 455/450; it is possible to achieve satisfactory discrimination betWeen 

455/63 satellites and Earth-based stations. With near polar orbits, 
[58] Field of Search ................................... .. 455/427, 450, the topocentric Separation between Satellites decreases as the 

455/454, 121, 131, 62, 63, 428, 429 latitude of the Earth-based stations increases due to the 
convergence of orbital planes near the poles. To compensate 

[56] References Cited for the decreased topocentric separation, the system utiliZes 
one or more mitigation techniques to select one of a plurality 

U'S' PATENT DOCUMENTS of possible satellites to communicate With the Earth-based 

4,189,675 2/1980 Reilly et a1. .............................. .. 325/4 Station in Order to effectively increase topocentric Separa 
5,268,694 12/1993 Jan et al. .... .. 455/427 X tion. 
5,448,621 9/1995 Knudsen ............ .. 455/429 X 

5,551,058 8/1996 Hutcheson et a1. ................... .. 455/429 47 Claims, 16 Drawing Sheets 



U.S. Patent N0v.30, 1999 Sheet 1 0f 16 5,995,841 



U.S. Patent N0v.30, 1999 Sheet 2 0f 16 5,995,841 

% 
N 

750 750 



U.S. Patent N0v.30, 1999 Sheet 3 0f 16 5,995,841 

UN: 



U.S. Patent N0v.30, 1999 Sheet 4 0f 16 5,995,841 

a -5 r 
3 

I10 \ 8 
cL-1s- 7' r if’ 

0 50 100 150 200 250 
Ground Range (km) 



U.S. Patent N0v.30, 1999 Sheet 5 0f 16 5,995,841 

2O 30 
Angle Off Boresigh’r (deg) 

Fzlg. 2B 

10 

20 30 40 
Angle Off Boresigh’l (deg) ' 

10 

Hg. 20 



U.S. Patent N0v.30, 1999 Sheet 6 0f 16 5,995,841 





U.S. Patent N0v.30, 1999 Sheet 8 0f 16 5,995,841 

83 5:058:85 2:25. xx 
5 0 

A93 coz?oawm @2338 

Hg. 36 





U.S. Patent Nov. 30, 1999 Sheet 10 0f 16 5,995,841 



U.S. Patent N0v.30, 1999 Sheet 11 0f 16 5,995,841 

C/l Cumulu’rive Probobili’ry Dis’rribu’rion — 0°N 
1o0.oo00% 
10.0000% ——Cc|se 1 , ’ 

1.00oo% ""0156 2- ’ 
I L._ I 

Flg 7A 3 0.1000% 
- 0.0100% 

0.0010% 
0.0001 % 

10 15 20 25 30 35 40 45 

C/l (dB) 

C/l Cumulative Probclbili’ry Dis’rribu’rion — 10°N 

100.0000% ! ! 1 /, I’, , 
10.0000% ‘— —Cq5e 1 / ,’ 
1.0000% R ‘"‘Cqse 2 

7B §0.1000%-' Il/ ,1 
1 

0.0100% 

0.0010% 

0.0001% 1 - 
10 15 20 25 so 55 4o 45 

on (dB) 

C/l Cumulo’rive Probobili’ry Dis’rribu’rion — 20°N 

100.0000% T 1 1 ,, 

1.0000% ~77 ""6656 2 / / 

Fig. 7C Lg 0.1000% ,1’ 
0.0100% 

0.0010% ‘ I 

0.0001% 1 
1o 15 20 25 so 35 40 45 

CA (dB) 



U.S. Patent N0v.30, 1999 Sheet 12 0f 16 5,995,841 

C/l Cumulo’rive Probcibili’ry Disiribuiion — 30°N 

100.0000% i I , , 

10.0000% - -_'CQSe 1‘ ,, 

i.0000% ~— ""0186 2 // , 

70 L8“ 0.1000% I, 
0.0100% 7 ; 

0.0010% 7 I 

0.0001% 
10 15 2'0 25 30 35 40 45 

C/l (dB) 

C/l Cumulaiive Probcibili’ry Dis’rribu’rion — 40°N 

100.0000% ‘ ‘ 

10.0000% W —iCuse 1‘ / / 
1.0000% -— ""cm 2 r 7' / I, 

171g. §0.1000% [I I{, 

l a 

0.0100% 

0.001 0% 

0.0001 % 
10 15 2'0 25 30 35 40 45 

C/l Cumulo’rive Probobiliiy Disiribuiion — 50°N 

100.0000% . , __ i I /-1 If’, 
10.0000% ‘i ——i Case 1| I,’ 7 

1.0000% ~— ""0088 2 / ,1 

Fig. 7F §0.1000% I! 
' | 

0.0100% — 

0.0010% 

0.0001% 



U.S. Patent N0v.30, 1999 Sheet 13 0f 16 5,995,841 

C/l Cumulo’rive Probobiliiy Dis’rribu?on - 60°N 

1O0.O0O0% \ i A _____ "I 

“— _CQSe 1 //’ 

1.0000% R ""6086 2 I, 
4 I 

171g. 7G é 0.1000% 1 
0.0100% 

0.0010% 

0.0001% 
10 15 20 25 30 35 40 45 

CA (dB) 

0/! Cumulo?ve Probclbilh‘y Disiribu?on — 70°N 

100.0000% ” ____ 

o —Cc|se 1 ' 
10.00004 ____C0Se 2 
1.0000% 

Flg. 7H 5 0.1000% 
0.0100% 

0.0010% 

0.0001% 
10 15 20 25 30 35 40 45 

c/| (dB) 

C/l Cumulo’rive Probability Dis’rribu?on — 80°N 

100.0000% 

10.0000% 

1.0000% 

171g. 7] @0.1000% 
0.0100% 
0.0010% ""0989 2 

0.0001% 
10 15 20 25 3O 35 40 45 

0/| (dB) 



U.S. Patent Nov. 30, 1999 Sheet 14 0f 16 5,995,841 

Minimum C/l vs Lo’ritude 
40 

35 

30 

25 

5, 20 
5 15 

10 Case 1 
5 ———— Case 2 

O 10 20 50 40 50 60 70 8O 
Latitude 

Hg. 8 

C/l Cumulo’rive Probobili’ry Disiribu’rion — 70°N 
With ln’rerference Mi’rigo’rion 

100.0000% 

10.0000% _CuSe 1 
1.0000% ---— Case 2 

0.1000% 
0.0100% 

0.0010% 

0.0001% 

CDF 

10 15 2O 25 30 35 4O 45 

an (dB) 

Hg. 10 



U.S. Patent N0v.30, 1999 Sheet 15 0f 16 5,995,841 

"0 \WI ’ 
// 

M; / 

I68 \ / / 

I 52 

I06 

Fig. .9 





5,995,841 
1 

TECHNIQUE FOR SHARING RADIO 
FREQUENCY SPECTRUM IN MULTIPLE 
SATELLITE COMMUNICATION SYSTEMS 

TECHNICAL FIELD 

The present invention is related generally to satellite 
communication systems and, more speci?cally, to a tech 
nique for sharing radio frequency spectrum in multiple 
satellite communication systems. 

BACKGROUND OF THE INVENTION 

Satellites provide a vital communication link for radio, 
telephone and television traf?c in addition to other forms of 
data communication. Satellite communication systems are 
useful alternatives to conventional terrestrial communica 
tion systems, such as land lines, ?ber optic, microWave, and 
the like. 

One example of satellite communication, Well-known in 
the industry, employs communication satellites in geosyn 
chronous orbit around the Earth. Such geosynchronous 
orbits require the insertion of satellites at a location approxi 
mately 22,300 miles from Earth near the equator. In this 
location, a satellite orbits the Earth at a velocity that matches 
the Earth’s rotational velocity. Thus, a geosynchronous 
satellite remains in a substantially ?xed position relative to 
the Earth’s surface. 

Geosynchronous satellites have the advantage of being in 
a ?xed position relative to the surface of the Earth. HoWever, 
geosynchronous satellites are extremely expensive due to 
the high cost of insertion into a geosynchronous orbit. 
Furthermore, Earth-based stations communicating With a 
geosynchronous satellite require high poWer transmission 
levels to effectively communicate With a satellite 22,300 
miles aWay. In addition, the satellite itself must have a high 
poWer transmitter to effectively communicate With Earth 
based receivers. Transmission delays, due to the time 
required for radio signals to propagate up to a satellite and 
back to Earth, are also a signi?cant problem With geosyn 
chronous satellite systems. 

Asigni?cant advantage of geosynchronous satellites is the 
ability to position satellites far enough from each other in a 
geosynchronous orbit so as to permit Earth-based antenna 
systems to discriminate betWeen the various satellites. For 
example, an antenna on an Earth-based station can be 

positioned so as to communicate With a particular geosyn 
chronous satellite While minimiZing interference to and from 
adjacent satellites in geosynchronous orbit. This is espe 
cially important When geosynchronous satellites share a 
common portion of the radio frequency spectrum. 

To overcome the disadvantages of transmission delay 
associated With communications using a geosynchronous 
satellite communication system, a series of loW-Earth orbit 
(LEO) satellites may be inserted into non-geostationary 
orbits. Such LEO satellites suffer from the disadvantage that 
they are not in a ?xed location With respect to the Earth’s 
surface. HoWever, LEO satellites offer the advantage of loW 
transmission delay. Satellite systems, Whether using geosyn 
chronous satellites or LEO satellites, must effectively use the 
radio frequency spectrum assigned to the communication 
system. 

With a loW-Earth orbit, the satellites move relative to the 
Earth, and relative to each other. This creates potential radio 
frequency interference problems When additional commu 
nications systems that are also in loW-Earth orbit are 
expected to share the same radio frequency spectrum. 
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2 
Therefore, it can be appreciated that there is a signi?cant 
need for a system and method for sharing radio frequency 
spectrum among LEO satellite communication systems. The 
present invention provides this and other advantages as Will 
be apparent from the folloWing description and accompa 
nying ?gures. 

SUMMARY OF THE INVENTION 

The present invention is embodied in a system and 
method for minimiZing interference in non-geostationary 
satellite communications systems. The system permits the 
sharing of radio frequency spectrum betWeen ?rst and 
second satellite communication systems and comprises a 
?rst Earth-based communication station operating as an 
Earth-bound portion of the ?rst satellite communication 
system and a second Earth-based communication station 
operating as an Earth-bound portion of the second satellite 
communication system. The system also includes ?rst and 
second satellites in a non-geostationary Earth orbit operating 
as a satellite portion of the ?rst satellite communication 
system to communicate With the ?rst Earth-based commu 
nication station. The ?rst and second satellites are placed in 
an Earth orbit in ?rst and second predetermined planes, 
respectively. The system further includes a third satellite in 
a non-geostationary Earth orbit operating as a satellite 
portion of the second satellite communication system to 
communicate With the second Earth-based communication 
station. The third satellite is placed in an Earth orbit in a 
third predetermined plane located intermediate the ?rst and 
second predetermined planes. In this manner, interference 
betWeen the ?rst and second satellite communication sys 
tems is minimiZed by interleaving orbital planes of the ?rst, 
second and third satellites in the non-geostationary Earth 
orbits. 

The satellites each include directional antennas. The ?rst 
antenna, located on the ?rst satellite, is oriented to direct 
radio beams betWeen the ?rst satellite and the ?rst Earth 
based communication system, and thus minimiZe radio 
interference With the second Earth-based communication 
station. The system also includes a ?rst directional antenna 
coupled to the ?rst Earth-based communication station. The 
antenna coupled to the ?rst Earth-based communication 
station is oriented to direct radio beams betWeen the ?rst 
Earth-based communication station and the ?rst satellite to 
thereby minimiZe radio interference With the third satellite. 
When the ?rst Earth-based communication station is 

located at a latitude Where the ?rst antenna is capable of 
communicating With either the ?rst and second satellites, the 
?rst Earth-based communication station selects one of the 
?rst and second satellites based on a selection criteria that 
ensures a minimum mount of interference With the second 
satellit communication system. For example, one of the ?rst 
and second satellites may be selected in order to maximiZe 
the topocentric separation, from the perspective of the ?rst 
Earth-based communication station, betWeen the selected 
satellite and the third satellite. Other alternative selection 
criteria may also be used to determine Whether to select the 
?rst or second satellite, as long as an unacceptable level ot 
interference does not result betWeen the ?rst and second 
satellite communication systems. The ?rst and second Earth 
based communication stations may therefore be located at 
substantially the same location in the surface of the Earth. 

In one embodiment, the ?rst, second and third orbits are 
inclined at substantially 90° With respect to the Earth’s 
equator, Whereby the ?rst, second and third orbital planes are 
near-polar orbits. In one embodiment, the ?rst, second and 
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third satellites are substantially at the same altitude above 
the surface of the Earth. The ?rst and second satellite 
communication systems are portions of a common commu 
nication system, With the ?rst, second and third satellites 
being portions of the common communication system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A illustrates the Earth and four near polar loW-Earth 
orbital planes containing orbiting satellites. 

FIG. 1B illustrates overlapping satellite footprints for 
satellites in the four loW-Earth orbit planes of FIG. 1A. 

FIG. 1C illustrates the apportionment of the Earth’s 
surface into a plurality of Earth-?xed cells. 

FIG. 2A is a graph of an antenna gain pattern of transmit 
and receive antennas on a non-geostationary orbit satellite of 
the present invention. 

FIG. 2B is a graph of the transmit antenna pattern of an 
Earth-based station of the satellite communication system of 
the present invention. 

FIG. 2C is a graph of the receive antenna pattern of the 
Earth-based station of the satellite communication system of 
the present invention. 

FIG. 3A illustrates the minimum and maXimum topocen 
tric separation of satellites of the present invention in 
adjacent orbital planes from an Earth-based station. 

FIG. 3B is a top vieW of the Earth-based station of FIG. 
3A illustrating the minimum and maXimum topocentric 
separation of satellites of the present invention in adjacent 
orbital planes. 

FIG. 3C is a graph of the topocentric separation and 
corresponding Earth-based station antenna discrimination as 
a function of latitude of the Earth-based station of the 
satellite communications system of the present invention. 

FIG. 4 illustrates the distribution of Earth-based stations 
of the satellite communication system of the present inven 
tion to analyZe interference at a selected one of the Earth 
based communication stations at 50° N latitude, 0° W 
longitude. 

FIG. 5 illustrates tWo possible interference paths at Earth 
based stations from non-geostationary satellites in adjacent 
orbital planes for the satellite communication system of the 
present invention. 

FIG. 6 illustrates tWo possible interference paths from 
ground-based stations into non-geostationary orbit satellites 
in adjacent orbital planes for the satellite communication 
system of the present invention. 

FIGS. 7A—7I are graphs of a cumulative probability 
distribution function of carrier poWer to interference poWer 
ratio for communications betWeen satellites and Earth-based 
stations of the satellite communication system of the present 
invention at various latitudes of the Earth-based stations. 

FIG. 8 is a graph of the minimum carrier poWer to 
interference poWer ratio achieved as a function of latitude of 
the Earth-based receiving station for the satellite communi 
cation system of the present invention. 

FIG. 9 is a top vieW of the Earth-based station of FIG. 3A 
illustrating a satellite selection technique used to increase 
the topocentric separation of satellites of the present inven 
tion in adjacent orbital planes at higher latitudes. 

FIG. 10 is a cumulative probability distribution of carrier 
poWer to interference poWer ratio When the satellite system 
of the present invention uses techniques to minimiZe inter 
ference at higher latitudes. 
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4 
FIG. 11 is a cumulative probability distribution of carrier 

poWer to interference poWer ratio illustrating the effect of 
orbital altitude separation at a selected latitude for tWo 
satellite communication systems using the principles of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Satellite communication systems in geosynchronous orbit 
have a ?xed relationship With respect to Earth and With 
respect to other satellites in geosynchronous orbit. By plac 
ing satellites in appropriate positions Within a geosynchro 
nous orbit, it is possible to space satellites suf?ciently far 
apart such that antenna discrimination is suf?cient to reduce 
interference betWeen satellites and Earth-based stations to an 
acceptable level. Thus, geosynchronous satellite systems 
may readily share the same radio frequency (RF) spectrum. 
HoWever, geosynchronous satellite systems suffer from seri 
ous delays in transmission due to an orbital position approxi 
mately 22,300 miles from Earth. 

While loW-Earth orbit (LEO) satellite systems have much 
loWer delay times than geosynchronous satellite systems, the 
satellites in LEO systems are not ?Xed With respect to the 
Earth or With respect to other satellites in different orbital 
planes of the system. The present invention provides tech 
niques to alloW co-frequency operation of tWo LEO satellite 
systems by interleaving the orbits of the satellites of one 
communication system With satellites of a second satellite 
system. FIG. 1A illustrates the operation of tWo satellite 
systems in Which satellites are placed in near polar orbital 
planes. For the sake of clarity, only four adjacent orbital 
planes are illustrated in FIG. 1A. To minimiZe interference 
betWeen satellite communication systems, the orbital planes 
of a ?rst satellite communication system 100A are inter 
leaved betWeen the orbital planes of a second satellite 
communication system 100B. For example, FIG. 1A illus 
trates orbital planes 102 and 104, Which form part of the ?rst 
satellite communication system 100A. FIG. 1A also illus 
trates orbital planes 106 and 108, Which form part of the 
second satellite communication system 100B. The satellite 
communication systems 100A and 100B may collectively be 
referred to herein as a system 100. The orbital planes of the 
?rst satellite communication system 100A are interleaved 
With the orbital planes of the second satellite communication 
system 100B. Thus, the orbital plane 106, Which contains 
satellites of the second satellite communication system 
100B, is interleaved betWeen the orbital planes 102 and 104 
Which contain satellites of the ?rst satellite communication 
system 100A. Similarly, the orbital plane 104, Which con 
tains satellites of the ?rst satellite communication system 
100A, is interleaved betWeen the orbital planes 106 and 108 
Which contain satellites of the second satellite communica 
tion system 100B. 

In a conventional LEO non-geostationary orbit, or non 
GSO satellite system, each orbital plane contains a large 
number of orbiting satellites each having a multi-element 
directional antenna array such as described in US. Pat. No. 
5,527,001, Which is assigned to the assignee of the present 
invention and Which is incorporated by reference in its 
entirety. Again, for the sake of clarity, FIG. 1A illustrates 
only a feW of the plurality of satellites in each of the orbital 
planes 102 to 108. For eXample, a satellite 109 With antenna 
109a and a satellite 110 With antenna 110a are both orbiting 
the Earth in the orbital plane 102. A satellite 114 With 
antenna 114a is orbiting the Earth in the orbital plane 104. 
The satellites 109, 110 and 114 are all portions of the ?rst 
satellite communication system 100A. A satellite 116 and 
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antenna 116a, Which is a portion of the second satellite 
communication system 100B, is orbiting the Earth in the 
orbital plane 106, Which is intermediate orbital planes 102 
and 104 of the ?rst satellite communication system 100A. A 
satellite 118 and antenna 118a, also a portion of the second 
satellite communication system 100B, is orbiting the Earth 
in the orbital plane 108. 

By appropriate interleaving of the orbital planes of the 
systems 100A and 100B, a high degree of RF spectrum 
sharing betWeen the ?rst and second satellite communication 
systems 100A and 100B can be achieved While minimiZing 
interference betWeen the systems. The present invention 
uses a combination of interleaving and satellite selection to 
minimiZe interference betWeen the ?rst and second satellite 
communication systems 100A and 100B. 

The satellites in orbital planes 102 and 104 are portions of 
a ?rst non-GSO netWork of a ?xed satellite service (FSS). In 
an exemplary embodiment, the ?rst non-GSO FSS netWork 
is designated herein as a loW-Earth orbit (LEO) SAT-1A 
system. The satellites in the orbital planes 106 and 108 are 
part of a second non-GSO FSS netWork, designated herein 
as a LEO SAT-1B system. The satellite systems LEO SAT 
1A and LEO SAT-1B share similar characteristics and are 
both intended to operate in a 500 megahertZ (MHZ) band 
Width in the 18.8—19.3 and 28.6—29.1 gigahertZ (GHZ) 
frequency ranges. These frequency ranges are in the fre 
quency band from 17 to 30 GHZ commonly referred to as the 
Ka-band. HoWever, the principles of the present invention 
are applicable to any non-GSO satellite system and are not 
limited to any frequency range. 

Abrief discussion of the satellite systems Will assist in a 
greater understanding of the interleaving process used in the 
present invention. The LEO SAT-1A system is an example 
of a non-GSO FSS netWork designed to provide global 
communications to a large number of small Earth-based 
stations. The LEO SAT-1A system is designed to use a 
constellation of hundreds of operational interlinked LEO 
satellites. In one embodiment, the second non-GSO FSS 
netWork, LEO SAT-1B, is identical to the LEO SAT-1A 
system, except that the orbital planes of the LEO SAT-1B 
system are interleaved half Way betWeen the orbital planes 
of the LEO SAT-1A system. This is illustrated in FIG. 1A 
Where the orbital planes 102 and 104 are orbital planes of 
satellites in the LEO SAT-1A system While the interleaved 
orbital plane 106 is an orbital plane of satellites in the LEO 
SAT-1B system. HoWever, the ?rst and second systems LEO 
SAT-1A and LEO SAT-1B need not be identical to permit 
co-frequency operation of the ?rst and second systems. 

Table 1 beloW illustrates operational parameters of the 
LEO SAT-1A and LEO SAT-1B systems. 

TABLE 1 

LEO SAT-1A and LEO SAT-1B Network Orbital Parameters 

No. of Planes 20 
No. of Satellites Per Plane 40 
Satellite Phasing Between Planes random 
Altitude 700 km 
Inclination ~90.0° 

Each of the satellite systems LEO SAT-1A and LEO 
SAT-1B comprise a constellation of 800 operational LEO 
satellites. Each of the satellite constellations are organiZed 
into 20 circular orbital planes. Each of the orbital planes is 
designed to contain 40 satellites, and may contain additional 
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6 
“spare” satellites. The interleaving of orbital planes requires 
a minimum of three orbital planes. HoWever, if the goal of 
the non-GSO satellite system is to provide global coverage, 
the number of orbital planes and the number of satellites in 
each orbital plane is dependent on the orbital altitudes. For 
example, the LEO non-GSO system described herein 
requires at least six orbital planes, and typically includes 20 
orbital planes. That is, the LEO SAT-1A and LEO SAT-1B 
satellite systems each use 20 orbital planes. In an exemplary 
embodiment, each orbital plane contains an equal number of 
satellites. In contrast, a medium Earth orbit non-GSO sat 
ellite system requires feWer orbital planes and feWer satel 
lites in each orbital plane to provide global coverage. The 
present invention is intended to encompass interleaving of 
orbital planes in any non-GSO satellite system. 
The orbits of the satellite system are described above as 

circular orbits With orbital altitudes of approximately 700 
km. HoWever, those of ordinary skill in the art can readily 
appreciate that orbital perturbations may be caused by a 
number of factors. For example, it is knoWn that the Earth 
is not perfectly spherical, but is an oblate spheroid that is 
?atter at the poles and bulges at the equator. The non 
spherical shape of the Earth causes perturbations in the 
orbits of the LEO satellite systems 100A and 100B, resulting 
in a precession of the orbital planes With respect to an 
inertial reference frame at a rate Which is a function of 
inclination and altitude. The gravitational effects of third 
bodies, notably the sun and moon, also have an effect on the 
orbits of the LEO satellite systems 100A and 100B Which 
also induces a precession of the orbital plane at a rate 
proportional to altitude, inclination and right ascension of 
the ascending node. As is knoWn to those of ordinary skill 
in the art, the amount of gravitational effect, referred to as 
“lunisolar pertubations” depend on the orbital inclination 
altitude and right ascension of the ascending node for the 
plane of satellites. Orbital perturbations caused by the non 
spherical shape of the Earth and by third bodies are Well 
knoWn in the art and need not be described in detail herein. 
For example, a discussion of orbital mechanics and orbital 
perturbations may be found in “Space Mission Analysis In 
Design,” edited by James R. WertZ and Wiley J. Larson, 
KluWer Academic Publishers and “Communications Satel 
lite Handbook,” by Walter L. Morgan and Gary D. Gordon, 
John Wiley and Sons (1989). Thus, the orbits Will not be 
perfectly circular. 

Each of the orbital planes has an inclination, i, of approxi 
mately 90°, thus creating a substantially polar constellation. 
As can be appreciated, the deployment of hundreds of 
satellites in polar orbits Would result in the collision of 
satellites at the north or south poles Where the polar orbits 
cross. To avoid such collisions, the system 100 utiliZes near 
polar orbits at staggered altitudes. As is knoWn in the art, 
slight changes in the altitude of the near polar orbital planes 
requires that the satellites be placed in orbit at slightly 
different inclinations in order to maintain a substantially 
equal rate of plane precession for each of the satellites of the 
system 100. In an exemplary embodiment, the system 100 
staggers the altitude of the orbital planes in approximately 2 
kilometer increments such that the tWenty orbital planes 
discussed above at prede?ned orbital altitudes of approxi 
mately 700 km120 km. By choosing the appropriate orbital 
altitude, the rate of orbital plane precession of the satellites 
of the system 100 can be ?xed With respect to each other. 
The orbital planes have a right ascension of the ascending 

node, Q, in 9° increments. Thus, in the example of FIG. 1A, 
the orbital plane 102 is separated from the orbital plane 104 
by 9° right ascension at the ascending node. The orbital 




















